Hultström M, Leh S, Paliege A, Bachmann S, Skogstrand T, Iversen BM. Collagen-binding proteins in age-dependent changes in renal collagen turnover: microarray analysis of mRNA expression. Physiol Genomics 44: 576 -586, 2012. First published March 27, 2012 doi:10.1152/physiolgenomics.00186.2011.-Aging is associated with progressive structural and functional deterioration of the kidney. Among the morphological changes associated with renal aging is an accumulation of extracellular matrix (ECM) in the glomeruli and tubuloinsterstitium, which may ultimately lead to the development of renal fibrosis. The mechanisms governing the regulation of ECM metabolism during renal aging are only incompletely defined. We present data from a genome-wide mRNA expression study on renal tissue from 90 wk old male Wistar rats and 10 wk old controls using Illumina BeadArray cDNA microarray. Regulation of candidate gene products was verified by real-time PCR. Morphological changes were evaluated by routine histological methods. Activated fibroblasts were identified by their expression of alpha-smooth muscle actin and collagen I. Morphological analysis demonstrated an expansion of the tubulointerstitial compartment with increased amounts of fibrous collagen but no overt glomerular or tubular damage in the aged rats. Activated fibroblasts were readily detectable in the adventitial layer of large renal vessels in controls and were not found in the old animals. In agreement with this finding, gene expression analysis revealed significant downregulation of collagen I mRNA along with numerous other ECM components. Concomitantly, collagen-stabilizing proteins were induced, whereas matrix metalloproteinase 9, an enzyme involved in collagen breakdown, was reduced. In conclusion, our results suggest that ECM expansion during renal aging results from an augmented stabilization in conjunction with a reduced breakdown of collagen fibers. Collagen stabilizing proteins may be essential for the control of renal ECM turnover and the pathogenesis of kidney fibrosis.
STEADY GAINS IN LIFE EXPECTANCY have resulted in a progressive rise in the average age of the population of industrialized countries and have rendered the very old the fastest growing age group in the US, Japan, and Europe. Aging is associated with a raised all-cause morbidity and mortality and subsequently, an increased utilization of health care services. Among the organs particularly affected by the aging process is the kidney. A recent study found that glomerular filtration rate decreases by an average of 1 ml/1.73 m 2 /yr in adult men (3) . Multiple factors contribute to this progressive decline in renal function. On the one hand, the incidence of renal disease is increasing with age. In addition, the kidney is an important target organ for age-related systemic diseases like arterial hypertension and diabetes mellitus. On the other hand, even in the absence of disease, aging by itself entails a normal, gradual loss of renal function with decreased glomerular filtration rate, vascular dysautonomia, and an altered tubular solute handling. Typical morphological alterations associated with renal aging include an accumulation of connective tissue in glomeruli, renal vasculature, and tubulointerstitium, which may ultimately lead to the development of renal fibrosis. It must be noted that these morphological alterations are not specific for the aging process since renal fibrosis is also regularly observed in kidneys affected by renal disease. In fact, an expansion of the extracellular matrix has been identified as a strong predictor for the progression to renal failure (18, 19) . However, in the absence of an underlying disease process, age-related renal changes only rarely lead to the development of end-stage renal disease. It is therefore likely that the pathogenetic mechanisms leading to renal extracellular matrix expansion differ between renal aging and disease. Thus, a comprehensive understanding of the mechanisms governing extracellular matrix metabolism during renal aging may provide new insights into the pathophysiology of the renal aging process. In the healthy kidney, the tubulointerstitium is mainly made up of cellular components including fibroblasts, dendritic cells, and the endothelial cells of the renal capillaries, whereas extracellular matrix components like collagen I and III are only sparsely expressed (1) . During steady state, there is a balance between collagen synthesis and breakdown in which the latter is achieved by collagenase enzymes including matrix metalloproteases (MMP), MMP-2, 3, and 9 (14) . Following kidney injury this equilibrium is disturbed and fibroblasts become activated myofibroblasts to express alpha-smooth muscle actin and large amounts of collagens (7) . The occurrence of myofibroblasts is thus considered a key event in the progression to renal fibrosis and chronic renal failure (8, 10) . The regulation of collagen synthesis and breakdown during renal aging has not been systematically studied so far. The aim of the present study was therefore to analyses gene expression in the kidney cortex of old and young rats to generate a list of genes important for the deposition and metabolism of extracellular matrix components during renal aging. Comparison of the resulting database with data from animal models of renal disease and from human samples may be used to identify candidate gene products specific for the renal aging process. start of the experiment. The rats were divided into two groups of five that were killed at 10 wk of age (young) or at 90 wk of age (old). The rats had free access to standard rat food and tap water. Urine was collected in metabolic cages the day before death. Blood pressure was measured with a volume-pressure plethysmograph tail-cuff machine (CODA6, Kent Scientific). All experiments were approved by the animal research committee at the University of Bergen.
Tissue preparation. The rats were killed under isoflurane anesthesia. The abdomen was opened and the abdominal aorta was exposed. The aorta was cannulated distal to the renal arteries, and an arterial blood sample was obtained before ligation of the aorta proximal to the renal arteries and perfusion of the kidneys with ice-cold PBS. The perfused kidneys were removed, weighed, and cut into slices, and different pieces were placed in 4% formaldehyde or RNA-later or were frozen for later use.
RNA preparation. Total RNA was isolated from renal cortex from both kidneys of each animal using RNeasy mini-kit (Qiagen, Valencia, CA) according to the manufacturer's instructions, producing 20 samples in total. RNA was quantified using a NanoDrop spectrophotometer and quality controlled using an Agilent 2100 Bioanalyzer. RNA integrity number (RIN) Ͼ7.5 was accepted for the microarray study.
Microarray. All 20 samples were used for microarray analysis, including two technical replicates, producing a total of 22 hybridizations. The microarray experiments were performed using the Illumina iScan Reader, which is based upon fluorescence detection of biotinlabeled cRNA. Total RNA (250 ng) was reverse-transcribed, amplified, and Biotin-16-UTP-labeled using the Illumina TotalPrep RNA Amplification Kit (Applied Biosystems/Ambion). The amount and quality of the Biotin-labeled cRNA were controlled with both a NanoDrop spectrophotometer and an Agilent 2100 Bioanalyzer. We hybridized 750 ng of biotin-labeled cRNA to the RatRef-12 Illumina Sentrix BeadChip according to manufacturer's instructions. The RatRef-12 BeadChip targets ϳ22,500 RefSeq transcripts. Arrays were analyzed from bead-level data using an improved annotation of the cDNA probes (2) .
Real-time RT-PCR. PCR validation was done using custom-designed Taqman Low Density Arrays (ABI) with 48 genes shown to have a wide variation of expression in the microarray study (see Table  1 ). We transcribed 200 ng of total RNA to cDNA using the RT core-kit (Qiagen), and RT-PCR was run on an ABI Prism 9700 Sequence detection system (ABI).
Histology. Formalin-fixed transversal slices were paraffin-embedded by standard procedures. We stained 3 m sections with periodic acid Schiff and 7 m sections with 1% Sirius red in a saturated solution of picric acid for 1 h and investigated these sections under polarized light in a Leica DMLB microscope connected to a CCD ColorView IIIu camera. For image acquisition and automatic image analysis CellD 2.4 software was used. Color images from the kidney cortex were obtained by a random sampling procedure. Images were acquired with a ϫ40 objective under constant illumination and polarization settings. Image resolution was 480 ϫ 480 pixels, covering an area of 240 ϫ 240 m with a resolution of 0.25 m 2 /pixel. The hue, saturation, intensity (HSI) color space was used, and the image was separated into the intensity component resulting in a 256 gray scale image. Lower and upper thresholds for recognition of birefringent collagen were set on the gray scale image. The same thresholds were used for all images. Collagen content was expressed as percent detected area.
To identify activated fibroblasts in situ hybridization for collagen 1a2 was performed using a probe covering nucleotides 2256 -2468 of the cDNA (NM_053356) and visualized using 4-nitroblue tetrazolium chloride as described previously (11) . Collagen I-stained sections were evaluated using a Leica DMRB microscope with an interference contrast module (Leica Microsystems, Wetzlar, Germany) coupled to a SPOT RT 2.3.0 digital camera (Diagnostic Instruments, Sterling Heights, MI) and the MetaVue Imaging System (Molecular Devices, Downingtown, PA).
Statistics. Data are presented as means Ϯ SE or as fold change. Student's t-test was used to test for significant difference in physiological and histological parameters. False discovery rate (FDR) from P values produced by empirical Bayes was used for the microarray data. P Ͻ 0.05 was considered significant. Technical replicates were combined before differential expression analysis. We used R 2.14.0 (17), Bioconductor (6), Limma (16) , and bead array (5) to calculate statistics. Gene ontology enrichment analysis was performed using the web-based Gene Ontology Enrichment Analysis Toolkit (21) . Enrichment was analyzed in all differentially expressed genes, as well as in upregulated and downregulated genes separately, using the RatRef 12 annotation provided in the toolkit. Real-time PCR was analyzed as relative quantities calculated from delta-delta-CT values using 18s to normalize the data with the RQ-manager (ABI). The microarray data are available through Array Express (http:// www.ebi.ac.uk/arrayexpress) with accession number: E-MTAB-613.
RESULTS
Old rats weighed 536 Ϯ 35 g and young rats 276 Ϯ 2 g (P Ͻ 0.05). The kidney weight was significantly greater in old rats (1.34 Ϯ 0.06 vs. 1.16 Ϯ 0.02, P Ͻ 0.05). Mean arterial blood pressure was similar in the groups (115 Ϯ 10 mmHg in old vs. 119 Ϯ 4 mmHg in young), and there was no difference in 24 h urine production (11 Ϯ 3 ml in old vs. 14 Ϯ 4 ml in young).
Microarray quality control. Average RIN was similar between the groups (old: 8.6 Ϯ 1 vs. young: 8.8 Ϯ 0.2) and well above the quality threshold of 7.5. Spatial analysis showed small spatial differences, and given the random arrangement of the beads on bead arrays this does not bias the analysis. The arrays showed a similar average intensity and background without significant differences between the groups or batches. The number of outliers was similar between the arrays. Because of the high quality of the data no standardization beyond quantile normalization was deemed necessary.
Real-time PCR. The requantification of gene expressions by PCR showed that there was good correlation with the microarray results (R 2 ϭ 0.78) ( Table 1) . Left vs. right: differential expression. No significant differences were found either between the microarray data grouped by kidney or between the expressions in the left and right kidney of individual rats (data not shown). Therefore, the left and right kidneys were treated as technical replicates in the microarray analysis.
Effect of age: differential expression. We found 1,619 genes to be differentially expressed with an FDR Ͻ 0.05 (Supplemental Table S1 ).
1 Out of these, 17 genes showed a twofold or larger change in expression (Table 2 ). Hierarchical clustering of the differentially expressed genes scaled by the intensity showed a strict separation of samples from old and young rats 1 The online version of this article contains supplemental material. 
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and a close association of the right and left kidneys from the same animal (Fig. 1) . Gene ontology enrichment analysis. All 1,619 differentially expressed genes were used for gene ontology enrichment analysis. By analyzing up-and downregulated genes separately we were quickly able to identify three groups of ontologies that were consistently different between young and old rats: extracellular matrix, ribosomes, and mitochondria. The analysis according to molecular function (Table 3) showed a mixed picture with enrichment of differentially expressed genes in several areas. Oxidoreductase activity, that is, mitochondrial function, was enriched with downregulated genes (P ϭ 3.21e-15). The classification "structural constituent of ribosome" was enriched with upregulated genes (P ϭ 4.51e-5), and "extracellular matrix structural constituent" with downregulated genes (P ϭ 3.75e-5). The gene ontology category cellular component (Table 4) showed enrichment of genes associated with the extracellular space. The category extracellular matrix and P.all indicates the GO terms enriched when all differentially expressed genes were analyzed. P.up and P.down indicate those GO terms that were enriched when we looked at either up-or downregulated genes. lower levels was enriched with downregulated genes. The difference between these categories consisted of downregulated collagens (Col1a1, Col1a2, Col3a1, Col4a1, Col6a3), downregulated MMP9, fibronectin, and Sparc, while a number of smaller collagen-binding proteins were upregulated (osteopontin, vimentin, decorin, matrix gla protein, fibulin, and matrilin) and included in the category extracellular space. Ribosomal genes were enriched with upregulated genes and mitochondria with downregulated genes. Finally, biological process (Table 5 ) again brought up ribosomes as: "translational elongation." Mitochondrial function appears to be driven by a downregulation of the "cholesterol biosynthetic process" and the electron transport chain. The extracellular structure organization was enriched with downregulated genes, mirroring the findings in cellular component.
Histology. Given the general downregulation of collagen synthesis we expected a rather normal morphology and little fibrous collagens when quantified by Sirius red stain. The microscopic anatomy of the old kidneys was indeed normal (Fig. 2) and did not show significant glomerulosclerosis, tubular atrophy, or arteriosclerosis. Surprisingly, Sirius red staining revealed a diffuse interstitial accumulation of fibrous collagen in the whole kidney cortex (Fig. 3) . When quantified, it covered a significantly larger area of the cortex in old rats compared with young (P Ͻ 0.05, Fig. 4 ).
In accordance with the gene-expression results in situ hybridization for collagen 1alpha2 showed scattered fibroblasts in the adventitia of larger arteries in young rats but did not show any activated fibroblasts in the kidneys from old rats (Fig. 5, A  and B) . In comparison, the positive control consisting of sections from previously published 60 wk old spontaneously hypertensive rats with hypertensive kidney damage (7) shows strong staining around the large arteries (Fig. 5C ) and interstitial staining in areas with tubular atrophy and fibrosis (Fig. 5D) .
Comparisons. The changes in mRNA expression during renal aging in humans have been investigated using cDNA microarrays (13) . Fifty-four genes associated with increased age in that study overlapped with the homologs in rats in our experiment (Table 6) . Out of these, half showed expressional changes similar to those seen in humans, and half showed changes in the reverse direction (Table 6 ). Out of the 54 genes found in the comparison 49 mapped to known genes in the GOEAST system. Gene ontology enrichment analysis once again showed an overrepresentation of genes involved in the regulation of the extracellular matrix (P ϭ 9.09e-12).
DISCUSSION
The main finding of the present study is that diffuse accumulation of interstitial fibrous collagen in old Wistar rats is associated with an enrichment of downregulated genes related to the extracellular compartment. These genes include several types of collagen as well as the important matrix metalloprotease MMP9. Collagen breakdown appears to be further inhibited by the upregulation of the tissue inhibitor of metalloproteases 1 (TIMP1). At the same time a number of collagenstabilizing proteins were upregulated. The total picture is one of decreased collagen turnover and slow accretion of extracellular matrix.
The biology of aging is a rapidly growing field of research. Still, the process of aging is not considered a disease, but advanced age is certainly associated with an increased vulnerability to a large number of diseases. The present study shows very discreet morphological differences between young and old rats, but Sirius red stain under polarized light showed increased interstitial fibrous collagen. This is coupled with the general downregulation of extracellular matrix protein as indicated by gene ontology enrichment analysis and a complete absence of activated fibroblasts in the interstitial space. An explanation for these apparently contradictory findings may be found in the differential expression of collagen-degrading enzymes or collagen-stabilizing gene products. In fact a number of collagen-binding and collagen-stabilizing genes are upregulated, which might increase the deposition of fibrous collagen and decrease its availability for breakdown by collagenases. In addition the collagenase MMP9 was downregulated, which may further decrease collagen turnover. Finally, TIMP1, which we have previously shown to contribute to the pathogenesis of renal fibrosis in hypertension (7), was upregulated in old rats. This upregulation of genes affecting collagen structure and metabolism was also found in aging humans, showing that the suppression of collagen breakdown is a cross-species feature of the genetic regulation during renal aging.
However, the particulars of extracellular matrix metabolism were an area where the results from the present study differed from the results in humans. In the study by Rodwell and collaborators (13) , a number of collagens were upregulated. Similarly, a microarray study by Melk and coworkers (9) showed both glomerulosclerosis and tubular atrophy in combination with transcriptional signs of increased extracellular matrix turnover. It is not clear whether this represents a feature of human aging as such, or if this is the result of comorbidities that have a higher prevalence with increasing age. This is a fact the authors themselves note and a finding that would be more in line with our previous findings in hypertensive rats (7) . It may, on the other hand, be the case that the studies represent different stages in the aging process. Where we study a young compared with a very old population, they, for natural reasons, collect patients with a much broader age span, which is not as well controlled when it comes to comorbidities. Rodwell and collaborators also perform a comparison with the aging process in flies and worms, where they find no correlation in the gene expressions. Other strains of rats develop more severe renal damage with increasing age. For example Sprague-Dawley rats have been shown to develop both glomerulosclerosis and interstitial fibrosis by 24 mo of age (15) and may provide a better model for aging-related renal damage. On the other hand, Wistar rats may be a model of relatively healthy renal aging and might therefore be well suited as background for disease models such as hypertensive renal damage.
Another mechanism that may play a role in the decreased collagen gene expression is that increased collagen concentration exerts a negative feedback on collagen transcription. This is supported by in vitro findings (4) and may work through secondary mediators such as transforming growth factor-␤ (12) or by inhibiting fibroblast proliferation (20) . Neither of these mechanisms has been studied more closely in the kidney, but they may provide an alternative explanation for the decrease in collagen gene expression even though there is an accumulation of fibrous collagen.
In conclusion, we show that a decreased collagen turnover, synthesis as well as degradation, in combination with an increased expression of several collagen-binding proteins is associated with diffuse accumulation of interstitial fibrous collagen in the kidney cortex of old Wistar rats. Furthermore, the identification of 54 genes that are involved in renal aging in both humans and rats provides an interesting basis for further research. This may be particularly true for the group of collagen-binding proteins, which were differentially regulated in both humans and rats.
